Modulatory calcineurin-interacting proteins (MCIPs)-also termed regulators of calcineurin (RCNs), calcipressins, or DSCR1 (Down's syndrome critical region 1)-are highly conserved regulators of calcineurin, a Ca 2+
1
Takashi Matsuo, 1 and Toshiro Aigaki 1, * 1 Department of Biological Sciences Tokyo Metropolitan University 1-1 Minami-osawa, Hachioji-shi Tokyo 192-0397 Japan
Summary
Modulatory calcineurin-interacting proteins (MCIPs)-also termed regulators of calcineurin (RCNs), calcipressins, or DSCR1 (Down's syndrome critical region 1)-are highly conserved regulators of calcineurin, a Ca 2+ /calmodulin-dependent protein phosphatase [1, 2] . Although overexpression experiments in several organisms have revealed that MCIPs inhibit calcineurin activity [3] [4] [5] [6] , their in vivo functions remain unclear. Here, we show that the Drosophila MCIP sarah (sra) is essential for meiotic progression in oocytes. Eggs from sra null mothers are arrested at anaphase of meiosis I. This phenotype was due to loss of function of sra specifically in the female germline. Sra is physically associated with the catalytic subunit of calcineurin, and its overexpression suppresses the phenotypes caused by constitutively activated calcineurin, such as rough eye or loss of wing veins. Hyperactivation of calcineurin signaling in the germline cells resulted in a meiotic-arrest phenotype, which can also be suppressed by overexpression of Sra. All these results support the hypothesis that Sra regulates female meiosis by controlling calcineurin activity in the germline. To our knowledge, this is the first unambiguous demonstration that the regulation of calcineurin signaling by MCIPs plays a critical role in a defined biological process.
Results and Discussion
The sra KO Mutation Affects Viability, Locomotor Activity, Ovulation, and Female Fertility To explore the in vivo function of the Drosophila MCIP Sra, we generated a null mutation in this locus by gene targeting ( Figures 1A-1C , and see the Supplemental Data available online). We found that homozygotes of the null allele sra KO were semilethal during larval or pupal stages. In addition, sra KO females were sterile, and their ovulation was abnormal, as previously reported for the sra GS3080 and sra GS3168 alleles [7] ( Figure S1 ). These phenotypes were rescued by either hs-sra or UASp-sra transgenes under control of the germlinespecific driver nanos-GAL4:VP16 (nos-GAL4) (see Supplemental Results). Taken together, these results unambiguously demonstrate that sra is responsible for the phenotypes associated with sra KO , which include developmental defects in both sexes and ovulation and sterility in females.
Eggs Laid by sra Mutant Mothers Arrest at Anaphase of Meiosis I There is no apparent morphological abnormality in ovarian development in sra KO females ( Figures 1D and 1E ), but eggs from sra KO mothers failed to hatch. Wild-type eggs at 2 hr after deposition already have completed meiosis and undergo synchronous mitotic nuclear division ( Figure 1F ). In contrast, eggs-hereafter referred to as sra eggs-from sra KO mothers had a localized DAPI-stained signal in the cortical region near the anterior pole, indicating that sra eggs are arrested during meiosis ( Figure 1G ). To analyze this phenotype in detail, we examined the pattern of chromosome segregation and the spindle shape of sra eggs. Spindle microtubules were visualized with tubulin antibody staining. In wildtype females, mature oocytes are arrested at metaphase of meiosis I, during which the chromosomes are seen as a large mass of chromatin [8] . After the release of meiotic arrest during ovulation, individual chromosome arms become visible and migrate toward the poles; the chromosomes subsequently undergo meiosis II, after which nuclear fusion and the mitotic divisions of the zygote take place. In sra eggs, the meiotic chromosomes were seen in between the metaphase plate and the poles (Figures 1H and 1I, which are typical figures of anaphase I [9] ). We confirmed that the oocytes taken from sra mutants including sra GS3080 and sra GS3168 are arrested at metaphase I as in the wild-type (data not shown). Therefore, sra eggs are arrested at anaphase I shortly after the meiotic resumption from the metaphase I arrest.
sra Is Required in the Female Germline for Meiotic Progression To determine whether the meiotic-arrest phenotype of sra eggs was caused by loss of function in the germline or somatic cells of sra mothers, we generated mutant germline clones by the flippase-dominant female sterile (FLP-DFS) technique [10] . All eggs laid by wild-type females completed meiotic divisions, whereas most eggs (98%) from sra mothers arrested at anaphase of meiosis I (Table 1) . We found that sra germline clones were also arrested at anaphase I, reproducing the phenotype of sra KO ( Figure 1J and Table 1 ). A few sra eggs, including germline clones, were arrested at meiosis II. In these eggs, the two spindles were perpendicular to each other ( Figure 1K ), rather than in tandem as in the wild-type [11] . These results demonstrate that the meiotic defects in sra eggs are specifically attributable to the loss of function of sra in the female germline. Consistent with this conclusion, sra is highly expressed in the female germline during oogenesis [7] and in early embryos ( Figure S2 in the Supplemental Data available online). Furthermore, the meiotic-arrest phenotype caused by sra mutations was almost fully rescued by *Correspondence: aigaki-toshiro@c.metro-u.ac.jp nos-GAL4/UASp-sra transgenes (Table 1) . These results establish that sra is required in the germline for meiotic progression in Drosophila females.
Calcineurin Genes Are Expressed in Ovaries and Early Embryos
Sra is a Drosophila member of the modulatory calcineurin-interacting protein (MCIP) family of proteins, which are known to function as endogenous regulators of calcineurin [3] [4] [5] [6] . Calcineurin consists of two subunits, CnA and CnB. The Drosophila genome contains three genes encoding CnA subunits (CanA1, Pp2B-14D, and CanA-14F) and two genes encoding CnB subunits (CanB and CanB2). The functions of calcineurin have been poorly analyzed in Drosophila. We hypothesized that sra functions as an endogenous regulator of calcineurin in Drosophila. Analyses of the expression pattern of Drosophila calcineurin genes by RT-PCR revealed that all three CnA and both CnB genes were expressed in larvae and adult females, but among these, only Pp2B-14D, CanA-14F, and CanB2 were expressed in early embryos and ovaries (Figure 2A ). Therefore, these three calcineurin subunits are candidates for interacting with Sra in the female germline.
Sra Forms a Complex with CnA and CnB Subunits
MCIPs have been shown to inhibit calcineurin activity by binding directly to the CnA subunit [6] . We examined whether Sra interacts with Drosophila calcineurin subunits, which were expressed in the female germline. In this experiment, we first transfected Drosophila S2 cultured cells with sra and Pp2B-14D-myc expression constructs and then immunoprecipitated them with Sra antibody. Immunoblotting with Myc antibody revealed that Sra indeed binds to Pp2B-14D ( Figure 2B ). No signal was detected in the immunoprecipitate with preimmune serum (data not shown). Thus, it is clear that Sra is capable of forming a complex with Pp2B-14D when coexpressed in S2 cells. It has been shown that calcineurin subunits are more stable when they form a complex [12] . When CanB2 plasmid was cotransfected, an increased (2.7 times) amount of Pp2B-14D protein was coimmunoprecipitated together with CanB2 ( Figure 2B ). Western analysis of cell lysates suggested that Pp2B-14D, CanB2, and Sra are more stable when they were coexpressed ( Figure S3 ). In addition to Pp2B-14D, we found that CanA-14F, another CnA subunit expressed in the germline, could bind to Sra (data not shown), implying at least that it can form a complex with Pp2B-14D and CanB2 or CanA-14F and CanB2.
sra Overexpression Suppresses Phenotypes Induced by Constitutively Active CnA A constitutively active form of calcineurin can be created by truncating the C-terminal part of CnA [13, 14] . Misexpression of the active form of Pp2B-14D (Pp2B-14D act ) causes morphological abnormalities in eyes and wings [14] . To determine the effects of sra on calcineurin signaling, we tested whether activated calcineurin-dependent phenotypes can be modified by coexpression of sra. Overexpression of sra alone in developing eyes by using GMR-GAL4 did not induce any phenotypic change ( Figure 3A) . Flies misexpressing Pp2B-14D act showed a mild rough-eye phenotype ( Figure 3B ), which was completely suppressed by coexpression of sra ( Figure 3C ).
Similarly, misexpression of Pp2B-14D act in the posterior compartment of developing imaginal discs by using en-GAL4 resulted in loss of wing veins and reduction of wing size ( Figure 3E ). These wing phenotypes were also completely suppressed by coexpression of sra ( Figure 3F ), whereas overexpression of sra alone had no effect on wing morphology ( Figure 3D ). Furthermore, overexpression of sra rescued the lethality induced by the muscle-specific expression of Pp2B-14D act by using 24B-GAL4 (data not shown). All these results clearly show that sra has an inhibitory effect on calcineurin signaling. Meiotic-arrest stages were judged on the basis of the number of spindles visualized by immunostaining with tubulin antibody. All eggs arrested at meiosis I in sra KO /sra KO and sra KO germline clone were arrested at anaphase I. a Number of eggs examined for each genotype. b The numbers in brackets indicate independent transgenic strains carrying the UASp-sra. c These eggs had abnormal nuclei, which contain dispersed chromatin and a single spindle.
Figure 2. Expression of Drosophila Calcineurin Genes and Their
Interaction with Sra (A) RT-PCR analysis of CnA (CanA1, Pp2B-14D, CanA-14F) and CnB (CanB, CanB2) expression in early embryos, larvae, ovaries, and adult females. All are expressed in larvae and adult females, and Pp2B-14D, CanA-14F, and CanB2 are expressed in early embryos and ovaries. The rp49 gene was used as an internal control. (B) Coimmunoprecipitation of Sra and Pp2B-14D. S2 cells transfected with plasmid DNAs containing sra, myc-tagged Pp2B-14D, CanB2, or pUAST vector (control) were lysed, immunoprecipitated with Sra antibody, and analyzed by western blotting with Myc or Calcineurin B antibodies. Sra antibody can coprecipitate both Pp2B-14D-myc and CanB2 proteins together with Sra.
Hyperactivation of Calcineurin Signaling in the Female Germline Causes Meiotic Arrest
If Sra acts as an inhibitor of calcineurin in vivo, we speculate that calcineurin signaling is hyperactivated in sra mutants; that is, hyperactivation of calcineurin signaling might also affect the meiotic phenotype as in sra mutants. We found that females carrying nos-GAL4 and UASp-Pp2B-14D act had fully developed ovaries ( Figure 3G ), but were sterile or semisterile, depending on the transgenic lines (Table S1 ). The sterility or semisterility caused by nos>Pp2B-14D act was effectively rescued by cooverexpression of sra (Table S1 ), demonstrating that sra counteracts activated calcineurin.
To characterize the meiotic phenotype caused by Pp2B-14D act , we stained eggs from semisterile females expressing nos>Pp2B-14D act [7] with DAPI and tubulin antibody to visualize chromosomes and spindles, respectively. A total of 63 eggs were examined. Of these, 10% (6/63) developed normally, whereas 14% (9/63) had neither DAPI signaling nor tubulin antibody staining.
The remaining 76% showed complex abnormalities that could be classified into three types: (1) dispersed chromatins with no obvious spindle (33% [21/63], Figure 3I) ; (2) apparently normal chromosomes with an abnormal spindle (38% [24/63] , Figures 3J and 3K) ; and (3) a mass of chromatin with an apparently normal spindle (5% [3/63] , data not shown). We also observed the nuclei of mature oocytes taken from nos>Pp2B-14D act [7] females to see whether meiotic arrest at metaphase I is normal. We found that the majority had abnormal nuclei containing dispersed chromatins (11/14, Figure 3L) , and that the remaining were arrested at metaphase I (2/14) or anaphase I (1/14). These results suggest that calcineurin signaling was activated to a greater extent in the germline of females constructed in this way than in sra mutants. Taken together, these results demonstrate that the regulation of calcineurin signaling is critical for female meiosis, and its regulator Sra/MCIP is essential for meiotic progression at the time of egg activation in Drosophila female. 
Mechanisms of Egg Activation
In vertebrates whose meiotic arrest occurs at metaphase II, arrest is released at the time of fertilization. The mechanisms of meiotic arrest and resumption have been extensively studied in mice and frogs, and several key components have been identified, including Cdc2/Cyclin B (MPF) and MAP kinase [15, 16] . In addition, the so-called ''Ca 2+ transient'' mediated by IP 3 signaling has been linked to egg activation; this transient promotes completion of meiosis, ion-channel opening, and cortical granule exocytosis [17] . Recent studies have revealed that Ca 2+ /calmoduin-dependent protein kinase II (CaMKII) is physiologically activated in mouse oocytes in response to fertilizing sperm [18] . CaMKII is implicated in the regulation of the timing of re-entry into mitosis through the phosphorylation of Cdc25C, a phosphatase mediating G1/M transition by dephosphorylating MPF in Xenopus [19] . More recently, CaMKII was shown to phosphorylate an anaphase-promoting complex/cyclosome (APC/C) inhibitor, Emi1-related protein (Erp1), resulting in its degradation and thereby releasing the brakes on the cell cycle from metaphase II in Xenopus eggs [20, 21] .
Less is known about the mechanism of egg activation in Drosophila. Genetic screens for female-sterile mutations have identified several genes involved in female meiosis. For example, twine, a homolog of Drosophila cdc25, is required for arrest at metaphase I in mature oocytes [22, 23] . cortex (cort) and grauzone (grau) mutant eggs exhibit meiotic arrest at meiosis II with defects in cytoplasmic polyadenylation and translation of maternal bicoid mRNAs [24, 25] . cort encodes an APC/C activator protein Cdc20, suggesting that APC/C-Cdc20
Cort -mediated inactivation of MPF is required for the translational control of poly(A)-dependent maternal mRNA [26] . grau encodes a member of the C2H2-type zinc-finger protein family and activates transcription of cort to induce the completion of female meiosis [27] . In addition, a recent study reported that a small cell-cycle regulator, Cks30A, plays an essential role in meiotic progression by associating with Cdk1 (Cdc2)/cyclin complexes and mediating Cyclin A degradation in the female germline [28] . Therefore, cell-cycle regulators involved in meiotic progression are likely to be conserved between vertebrates and Drosophila.
The involvement of calcineurin signaling in female meiosis has not previously been described in any organism. Our studies on sra are the first to demonstrate that regulation of a Ca 2+ -dependent phosphatase is critical for the progression of female meiosis. Analyses of mutations in calcineurin genes and identification of the substrates in germline cells should facilitate further understanding of the role of calcineurin signaling in female meiosis. 
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